Rhodobacter sphaeroides 2.4.1, which is incapable of denitrification, has been found to carry nnrR, the nor operon, and nnrS, which are utilized for denitrification in R. sphaeroides 2.4.3. The gene encoding nitrite reductase was not found in 2.4.1. Expression of ␤-galactosidase activity from a norB-lacZ fusion was activated when cells of 2.4.1 were incubated with NO-producing bacteria. This result indicates that the products of nnrR and the genes flanking it are utilized when 2.4.1 is growing in an environment where denitrification occurs.
A few strains of Rhodobacter sphaeroides that can grow as denitrifiers with nitrate (NO 3 Ϫ ) as the terminal electron acceptor have been described (6) . The ability to couple growth to NO 3 Ϫ respiration is not widespread in R. sphaeroides (7) . An important difference between nondenitrifying and denitrifying variants of R. sphaeroides is the capacity of the denitrifying variants to generate nitric oxide (NO). NO production is beneficial to denitrifying strains of R. sphaeroides because it serves as a terminal electron acceptor. Recent studies have suggested that NO, an obligate intermediate during denitrification, is the nitrogen oxide used as an effector to induce expression of the genes encoding nitrite reductase (Nir) and nitric oxide reductase (Nor) (10) . We have recently characterized a gene, designated nnrR, that is the apparent transcriptional regulator of nirK and nor operon expression in the denitrifying strain R. sphaeroides 2.4.3 (11) . The type strain of R. sphaeroides, strain 2.4.1, is nondenitrifying. Since 2.4.1 has no detectable Nir or Nor activity, we assumed it would not carry nnrR, nirK, the nor operon, or other genes required for metabolism of NO. However, recent experiments suggested otherwise (11) . In this paper we describe experiments undertaken to explore if 2.4.1 carries any of the genes required for the two-step reduction of nitrite to nitrous oxide.
Isolation of a fragment encoding nnrR. Previous work had suggested that R. sphaeroides 2.4.1 contains a regulator that is responsive to the NO donor sodium nitroprusside (SNP) (11) . In R. sphaeroides 2.4.3, this NO-sensitive regulator is likely to be NnrR, so Southern blot analysis was used to probe for nnrR in 2.4.1. Probes for Southern blot analysis were generated by PCR in the presence of digoxigenin (Boehringer Mannheim)-labeled nucleotides. The nnrR probe spans residues 319 to 658 of the 2.4.3 nnrR open reading frame (ORF) (11) . Under high-stringency conditions, Southern hybridization of genomic DNA from R. sphaeroides 2.4.1 revealed a single band hybridizing to the probe.
Sequence comparisons of 2.4.1 and 2.4.3 genes. A 5.5-kb BamHI-EcoRI fragment from 2.4.1, which hybridized to the nnrR probe, was isolated from a pool of plasmids containing BamHI-EcoRI fragments of 5 to 6 kb ( (Fig. 2) .
In 2.4.3, a gene which we have designated nnrS is adjacent to but divergently transcribed from nnrR (8a). Sequence analysis revealed that nnrS is also located upstream of nnrR in 2.4.1. About 45% of the nnrS ORF was sequenced. The deduced amino acid sequence of this portion of NnrS is 84% identical to the corresponding fragment of 2.4.3 NnrS (not shown).
The region between the putative translation start sites of nnrR and nnrS is 78% identical to the corresponding region in 2.4.3, but it contains several insertions or deletions (not shown). The presence of single base insertions or deletions, and of low-identity regions, is consistent with this being an intergenic, noncoding region. Centered 188.5 bp from the putative start site of translation of nnrS is the sequence 5Ј-TT GCG(N 4 )CACAA-3Ј, where N is any nucleotide. Similar sequences are located in the regulatory regions of the nor operon, nirK, and nnrS in 2.4.3 and have been shown to be essential for transcriptional activation of all three genes (1, 1a, 10) .
A region from within the nor operon which spans the overlap between norB and norQ was also sequenced. In both 2. Even under low-stringency conditions, the probe did not hybridize to the 2.4.1 DNA (not shown).
Introduction of nirK into 2.4.1. Given that the genes encoding NnrR and the nor operon are present in 2.4.1, it seems probable that the lack of Nir prevents 2.4.1 from being capable of growing as a denitrifier. To test this possibility, 2.4.1 containing pRKNIRB (10), a stable plasmid which contains nirK isolated from 2.4.3, was grown microaerobically in medium amended with NO 3 Ϫ . Unlike the situation with wild-type 2.4.1, in cells containing pRKNIRB NO 2 Ϫ did not accumulate once oxygen became limiting. By standard assays, both Nir and Nor activities were found in extracts of cells containing pRKNIRB grown microaerobically in medium amended with NO 3 Ϫ . Nor activity was not detected in wild-type cultures of 2.4.1 grown microaerobically with NO 3 Ϫ . NnrR from 2.4.1 activates gene expression in response to NO. We have previously shown that NO must be produced by 2.4.3 for nirK and norB expression (5, 10) . This response to NO requires the transcriptional activator NnrR (11) . The presence of nnrR in 2.4.1 provides a reasonable explanation for the ability of this strain to activate gene expression in response to SNP (10) . To confirm that NnrR proteins from 2.4.1 and 2.4.3 are functionally equivalent, pAK3.1R (Fig. 1) was conjugated to the NnrR-deficient 2.4.3 strain R125 (11) (Fig. 1 ). There were no obvious phenotypic changes resulting from nnrR inactivation in 2.4.1. We then constructed a norB-lacZ fusion, pAK11, using a 2.1-kb BglII-PstI fragment from pAK2a and the lacZ-Kn r cassette from pKOK6 (4) (Fig.  1) . To confirm that pAK11 is expressed under conditions in which NO is present, its expression was monitored in 2.4.3 grown microaerobically in the presence of NO 3 Ϫ . The levels of expression of norB-lacZ derived from 2.4.1 (Table 1) were nearly identical to the levels of expression reported for norBlacZ derived from 2.4.3 (1). Expression of pAK11 in 2.4.1 grown microaerobically with NO 3 Ϫ was significantly lower than in 2.4.3 grown under similar conditions ( Table 1 ). The reduction in expression of the fusion in 2.4.1 is consistent with the absence of Nir. When wild-type 2.4.1 cells containing pAK11 were incubated with SNP, they expressed high levels of ␤-galactosidase activity (Table 1) . Expression of ␤-galactosidase in AK13 cells containing pAK11 exposed to SNP dropped to background levels ( Table 1 ), demonstrating that NnrR is required for the SNP-dependent response.
Nor expression in the presence of NO-producing bacteria. NnrR in both 2.4.1 and 2.4.3 appears to respond to the buildup of NO concentrations and, either directly or indirectly, activate expression of nor and other genes. Since 2.4.1 lacks the capacity to produce endogenous NO, it is important to determine if conditions in which the nor operon is expressed in 2.4.1 can arise. A reasonable scenario under which the nor operon in 2.4.1 could be expressed in situ is in the presence of other denitrifiers. To determine if 2.4.1 can respond to the levels of NO produced biologically, bacteria known to produce NO were added to cultures of 2.4.1 containing pAK11. The first strain used as a biological source of NO was "Rhizobium hedysari" HCNT1. This strain is unusual, because it produces large quantities of NO as a consequence of having Nir activity but no detectable Nor activity (9) . For this experiment, 2.4.1 was microaerobically grown to an A 600 of about 0.5 in medium amended with NO 3 Ϫ . At the appropriate density, 10-ml aliquots of cells were placed in sealed vials and grown for about 1 h. After this, cells were removed from microaerobically grown cultures of HCNT1 and added immediately to the vials containing the 2.4.1 cells. After the cells were mixed, they were cultured at 30°C with agitation until aliquots were withdrawn to determine ␤-galactosidase activity. In the presence of NO 2 Ϫ , the addition of small volumes of HCNT1 with detectable Nir activity to microaerobically grown 2.4.1 was sufficient to induce expression of the norB-lacZ fusion ( Table 2 ). As the volume of HCNT1 increased, ␤-galactosidase activity reached a maximum level and then decreased. When AK13 with pAK11 was incubated with HCNT1, only background levels of ␤-galactosidase expression were detected ( Table 2 ).
In a similar experiment, we also tested if 2.4.1 could respond to the levels of NO produced during denitrification by the true denitrifier Achromobacter cycloclastes. The addition of A. cycloclastes cells grown microaerobically in the presence of NO 3 Ϫ to microaerobic suspensions of 2.4.1 containing the norB-lacZ fusion produced high levels of ␤-galactosidase activity (Table 2) . Unlike when HCNT1 cells were used, there was no significant decrease in fusion expression as the number of A. cycloclastes cells was increased (Table 2) . This difference is likely due to the Nor activity of A. cycloclastes, which prevents NO from accumulating to toxic concentrations. There was no significant increase over background levels of fusion expression if aerobically grown A. cycloclastes was used or if NO 2 Ϫ was absent from the reaction mixture (not shown). The levels of NO produced during denitrification by A. cycloclastes have been reported to be about 30 nM (3), so the NO-sensing system in 2.4.1 must be effective at this level. This result demonstrates that cells in the environment can effectively respond to the low concentrations of NO that are present and induce a specific response.
While it seems obvious that 2.4.1 has the capacity to respond to exogenously produced NO, it is less clear how this response benefits a cell. One possible use of NnrR and Nor is to mitigate NO toxicity. Since the levels of NO in the environment are equivalent to the steady-state levels produced during denitrification (2), it is doubtful that in situ levels are inhibitory. Another possible role for NnrR and Nor is to couple NO respiration to energy conservation. One prediction of the use of Nor for respiration is that its K m must be in the low nanomolar range. If the K m were higher, Nor would be ineffective at reducing the nanomolar levels of NO present in situ. By wholecell assays, the K m of Nor has been measured to be between 1 and 10 nM (8), making it possible that in situ concentrations of NO can be used for respiration.
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